Objectives: This study had two key objectives. First, to examine whether children who receive cochlear implants (CIs) before the age of 3 years and who are experienced implant users (mean length of CI use = 6 years; range = 4 to 9 years) show deficits on a word learning task relative to their hearing peers. Second, to examine whether variation in age at implantation within the first 3 years of life relates to later word learning abilities.
INTRODUCTION
Spoken language acquisition requires access to acoustic-phonetic cues (Hart & Risley 1995; Gómez 2002; Hoff & Naigles 2002; Maye et al. 2002; Onnis et al. 2004; Rost & McMurray 2009 ). Children born with severe to profound hearing loss have minimal to no access to these acoustic-phonetic cues. This limited access to the sounds of speech has a substantial impact on their ability to acquire spoken language (Moeller et al. 2007) . As a result, children who are deaf often show significant delays in their spoken language abilities relative to their hearing peers (Lederberg et al. 2013) . The advent of cochlear implant (CI) technology has made it possible for these children to perceive speech and, in some cases, achieve language outcomes within the average range of their same-age peers with normal hearing (NH) . CIs have become a well-accepted aural habilitation approach; however, we also see substantial variability in children's speech and language outcomes after implantation (Fagan et al. 2007; Sarant et al. 2015) , with approximately 50% of children with CIs reported not to be achieving age-appropriate language skills by school entry (Geers et al. 2009 ). In the present study, we use a dynamic word learning task to examine the underlying mechanisms associated with variability in spoken language development in children who use CIs.
Substantial research attention has been directed to identifying the factors associated with this variability to optimize outcomes for children after cochlear implantation Svirsky et al. 2004; Duchesne et al. 2009; Boons et al. 2012) . One factor that has consistently been identified as contributing to variability in language outcomes is the age at which the child's auditory nerve is first stimulated with the CI, commonly referred to as an age at implantation effect Holt & Svirsky 2008; Dunn et al. 2014) . Researchers have suggested that age at implantation effects are the result of a "sensitive period" of maximal plasticity of the central auditory system during early childhood (Sharma et al. 2002; Sharma et al. 2005; Sharma & Dorman 2006) .
Researchers have employed various statistical methods to demonstrate the effect of age at implantation on speech and language outcomes, including growth curve analyses (Svirsky et al. 2004; Tomblin et al. 2005; Connor et al. 2006; Dettman et al. 2007; Niparko et al. 2010 ), group differences (Leigh et al. 2013; , and multiple regression analyses (Harrison et al. 2005; Geers et al. 2008; . The majority of studies that have documented age at implantation effects on language outcomes have done so in children within the first few years after implantation. The question of whether these early advantages for earlier implanted children persist with longer duration of implant use has been less comprehensively addressed. Cross-sectional studies looking at the relationship between age at implantation and language outcomes in older children with longer duration of implant use have shown mixed findings Geers et al. 2008; . Long-term longitudinal research utilizing growth curve analysis suggests that the influence of age at implantation on language outcomes may diminish over time (Dunn et al. 2014) .
Although the statistical techniques used differ across the studies outlined above, they have been consistent in their use of endpoint, standardized test measures as the dependent variable (Pisoni 2000) . These endpoint measures (e.g., vocabulary tests) provide a static assessment of accumulated language knowledge and do not allow for an opportunity to test the mechanisms that underlie differences in language outcomes (i.e., they tell us where a child is at in terms of their language knowledge at a particular point in time but not how they got there). In the vocabulary domain, evidence from studies using dynamic word learning paradigms that assess children's ability to learn novel or unfamiliar words offer the opportunity to examine more directly the mechanisms that may underlie age at implantation effects.
Dynamic Word Learning Tasks
Compared with the many studies that have relied on standardized test measures as the dependent variable, a smaller number of studies have examined the online process of language learning in children with CIs. In the domain of word learning, such studies have used dynamic experimental paradigms that assess the ability of these children to efficiently pair novel words with their referents in real time and have examined associations between performance on these paradigms and age at implantation Houston et al. 2012; Havy et al. 2013; Walker & McGregor 2013; Davidson et al. 2014; Quittner et al. 2016) . By using novel or unfamiliar words, these experiments control for variations in language experience in a way that standardized vocabulary assessments do not.
Studies using these word learning paradigms have consistently demonstrated word learning deficits in children with CIs compared with their hearing peers. Havy et al. (2013) examined word learning abilities in 3-to 6-year-old children with CIs. In their word learning paradigm, children were trained on two word-object pairings and then heard one of the two words and were required to pick the object that corresponded to that word. The children with CIs performed significantly less well than a comparison group of children with NH on the task overall. Walker and McGregor (2013) used a didatic novel word learning procedure that assessed fast-mapping and retention and compared children with CIs to age-matched (AM) and vocabulary-matched (VM) hearing groups. They found no significant fast-mapping deficits for the CI group relative to their AM peers for comprehension or production but significant deficits for the CI children relative to their AM peers in terms of both comprehension and production of the word-referent pairs after a delay of 1 to 3 days. The CI children did not show any comprehension or production deficits relative to the younger VM group, either in terms of fast-mapping or retention, suggesting that their word learning skills were in line with their vocabulary level. Walker and McGregor (2013) and Havy et al. (2013) showed evidence of word learning deficits for toddlers and preschoolers with CIs relative to their AM hearing peers in explicit learning tasks. Other studies have employed incidental exposure paradigms, which may place greater demands on auditory/phonological processing and working memory abilities. used an incidental learning procedure to assess word learning in preschool-age children with CIs and NH. In this task, children were asked to hide a novel object that was paired with a novel word ("Hide the koob"). This procedure was repeated with two other novel word-referent pairs ("dat" and "sachoon") . The children with CIs did significantly poorer than their AM peers with NH on this task. Tomblin et al. did not include a VM control group, so it was not possible to determine whether the word learning deficits shown by the children with CIs were consistent with their extant vocabulary levels. Davidson et al. (2014) examined older school-age children with CIs. Children were exposed to six novel words in the context of six successive animated stories. The children with CIs showed significantly lower novel word learning performance than their AM peers with NH. Taken together, previous findings indicate that children with CIs have difficulty learning words in both explicit and implicit learning contexts, relative to their same-age peers.
Age at Implantation Effects on Word Learning
While the advantage for hearing children over same-age children with CIs on word learning paradigms has been consistent across studies, the evidence to date regarding the relationship between age at implantation and word learning performance within the CI group has been more mixed. Tomblin et al. (2007) reported a significant negative relationship between fast-mapping (learning the novel word-referent pairs after a single exposure) and age at implantation; earlier implanted children showed superior fast-mapping skills compared with later implanted children. This relationship was no longer significant after partialling out duration of CI experience, suggesting that greater duration of word learning experience may have contributed to the beneficial effects of earlier implantation on novel word learning performance. Davidson et al. (2014) examined age at implantation effects on word learning in older children. In their sample of 6-to 12-year old children implanted between the ages of 10 months and 5 years, Davidson et al. found a significant negative relationship between age at implantation and performance on the novel word learning task, indicating superior word learning scores for the earlier implanted children. They did not test whether this relationship remained significant after adjusting for duration of CI experience, a variable that also showed a significant correlation with word learning performance. Finally, in a recent longitudinal study, Quittner et al. (2016) reported that children implanted before 2 years of age identified significantly more newly learned words on a novel word learning task than children implanted after 2 years of age, after controlling for duration of CI experience.
In Walker and McGregor's (2013) study with 3-to 6-year-old children with CIs implanted between the ages of 1 and 3 years, they assessed age at implantation effects on word learning by conducting a multiple regression analysis, with chronological age, receptive vocabulary raw scores, and age at implantation as predictor variables and a total word learning score for retention as the outcome variable. After controlling for chronological age, only existing vocabulary size accounted for a significant proportion of the variance in word learning ability. Havy et al. (2013) examined relationships between age at implantation and performance on their word learning task in 3 to 6 year olds who were implanted between the ages of 9 months and 4 years. They also found no evidence of a relationship between age at implantation and performance. Instead, they found a significant effect of duration of implant use on word learning performance. In sum, there have been mixed results regarding the association between age at implantation and later word learning ability. This may have resulted from variability in the range of age at implantation included in the studies, with those studies where age at implantation range extended beyond the 3.5 year "sensitive period" identified by Sharma et al. (2002) more likely to see age at implantation effects. Duration of implant use was consistently identified as having a relationship with word learning performance; variability in duration of use and whether it was adjusted for in analyses may also have contributed to differences in results between studies.
The Present Study
In the present study, we capitalized on a dynamic word learning paradigm (Bishop & Hsu 2015) to explore how word learning processes in 6-to 10-year-old children with CIs compare to those of their hearing peers and to examine relationships between word learning performance and age at implantation. Children with CIs were selected to have an age at implantation below 3.5 years to examine whether variability in age at implantation within this auditory sensitive period was associated with differences in word learning abilities. The 3.5-year cutoff is also within the timeframe in which the majority of children with congenital hearing loss now receive CIs (Ching et al. 2013; Raine 2013; Lammers et al. 2015) . Based on the results of previous studies (e.g., Havy et al. 2013; Walker & McGregor 2013) , we predicted that the children with CIs in this study would show word learning deficits relative to their AM hearing peers. A majority of these studies also found evidence of age at implantation effects on word learning across a range of ages; therefore, we predicted that within the group of children with CIs, age at implantation would relate to word learning ability. These studies also indicated that duration of implant use could be an important factor in word learning performance; therefore, we examined the influence of this variable alongside age at implantation.
MATERIALS AND METHODS

Participants
Twenty-one children (M = 8 years, SD = 22 months) with CIs participated. To qualify for participation in this study, children were required to be between 6 and 10 years old, implanted within the established sensitive period for development of the central auditory system (i.e., <3.5 years), and experienced CI users with at least 4 years of CI use. Of the 21 eligible children with CIs, 18 had bilateral CIs, 1 was bimodal (CI with hearing aid in contralateral ear), and 2 had a unilateral CI. Age at initial stimulation ranged from 10 to 31 months (M = 16.24, SD = 5.85). Duration of CI experience ranged from 57 to 119 months (M = 80.57, SD = 21.09). Preoperative unaided thresholds were available for 18 of 21 children (3 children had no-response auditory brainstem response test results or aided thresholds that suggested severe to profound hearing loss; however, unaided thresholds were not available). For the 18 children with preoperative threshold data, the mean better-ear pure-tone average was 104.5 dB (SD = 16.11). Table 1 provides descriptive data regarding age at initial stimulation, duration of CI experience, and preoperative hearing. All the children used spoken English as their primary mode of communication. Children with CIs were recruited from two pediatric CI centers in the United States (University of Iowa and Boys Town National Research Hospital).* After obtaining consent and acquiring additional information on audiological history, seven additional children with CIs were excluded from the study for the following reasons: preoperative better-ear puretone average of less than 80 dB (n = 2), noncongenital hearing loss (n = 4), or implanted after 3.5 years (n = 1).
Fifty-two children with NH also provided data for this study. From that pool of 52 children, we selected 21 AM and 21 VM children to act as comparison groups for the 21 participating children with CIs. Each child with a CI was individually matched to one hearing child from the available pool that was closest in age (to form the AM group) and one that was closest in Peabody Picture Vocabulary Test-4 (PPVT-4) raw score (to form the VM group). Children with NH were recruited through word of mouth and a pre-existing database of children who had participated in previous studies and had agreed to be contacted for additional research.
Procedure
All study procedures were approved by the University of Iowa Institutional Review Board. Participants were administered the following measures via spoken English by a trained researcher. Receptive Vocabulary • Spoken vocabulary knowledge was assessed with the PPVT-4 (Dunn & Dunn 2007 ), a standardized measure of receptive vocabulary. In this assessment, the examiner says a word that describes one of the pictures on a page, and the participant identifies the correct picture. A standard score of 100 represents average performance (SD = 15). Nonverbal Ability • The Matrix Reasoning subtest of the Wechsler Abbreviated Scale of Intelligence -Second Edition (WASI-2; Wechsler 2011) was used to assess nonverbal cognitive ability. This measure comprises a series of progressively more difficult pattern completion items; children are shown a pattern with a piece missing and must choose the correct piece from five possible alternatives. A t score of 50 represents average performance (SD = 10). Word Learning Task • We used a word learning task presented via a computer and developed by Bishop and Hsu (2015) for use with children with Specific Language Impairment (code to run task available at osf.io/xrmjk/) in which the children were required to learn the names of eight rare animals (phonetic transcriptions in parentheses): ayeaye (/aiai/), saki (/sɑki/), dugong (/dugɒŋ/), anole (/ənol/), caiman (/keimən/), iiwi (/iwi/), kyloe (/kailo/), and jennet (/ʤɛnət/). Stress is produced on the first syllable for all words with the exception of "anole." Bishop and Hsu selected unfamiliar word-referent pairs over novel word-referent pairs for this task because of ethical concerns regarding asking children with language delays to spend time learning words that were not real words. The selected animal names were all bisyllabic, low-frequency words with a duration between 650 and 1000 ms. All words were presented through an auditory-only condition, with no written or speechreading cues. Figure 1 shows the design of the task. Familiarization Phase • Children completed two familiarization trials at the beginning of the task, which used known vocabulary to familiarize them with the format of the comprehension trials. They heard a word (e.g., drum) and had to click on the corresponding picture from a choice of four, all of which were present on the screen at the same time (see Fig. 1 for sample trial). The familiarization phase was also used to adjust the volume of the stimuli to a comfortable listening level for the participants and ensure they could access the auditory stimuli.
*One child previously participated in another word learning study (Walker Exposure Phase • After the familiarization trials, the task began with an exposure phase in which the child saw a screen with pictures of all eight of the target animals presented simultaneously. The experimenter clicked on each animal in turn, and it was highlighted with an arrow on the screen and the name of the animal was played twice consecutively (e.g., "anole, anole") through the computer speakers. Thus, children heard each of the eight animal names paired with the corresponding picture before the next phase of the experiment (comprehension phase). Comprehension Phase • After the exposure phase, children began the trials in which they heard an animal name (the target) and had to choose the corresponding picture from a choice of four: one target and three distractors from the set of eight animals, all of which were present on the screen at the same time (see Fig. 1 for sample trial). If the child made an incorrect response, the selected picture disappeared and the child chose again. When they selected the correct response, they heard the name of the animal again and received a visual reward. The program then moved on to the next trial. As a result of this trial design, the name of the animal was always reinforced for each child in each trial regardless of whether they were correct on the first attempt or not. The trial was scored as correct only if the child chose the correct response on the first attempt. Two options were available to participants to support their learning on the comprehension trials. First, there was a button that allowed the children to replay the word before making their choice. Second, there was a button that highlighted the correct answer if the children wanted help (i.e., rather than guessing if they did not know, they could press this button and be provided with the correct answer). If they used this "help" button, the trial was scored as incorrect. The participants completed 4 blocks of 24 comprehension trials and were exposed to each of the 8 animal words in a pseudorandom order 3 times during each block. The first eight trials of block 1, therefore, assessed the ability of the participants to learn the new animal words after only a single exposure; the equivalent of "fast-mapping." Participants had a break of 45 to 90 minutes between the first two blocks of the comprehension trials and the second two blocks of the comprehension trials (see Fig. 1 ), which enabled us to assess whether the groups differed in their retention of the words over this period of time (as would be evidenced by an interaction between group and block). Standardized tests were administered during these breaks. The length of the break varied randomly as it depended on various factors (e.g., how long it took for participants to take the standardized tests, additional testing at the CI visit, whether the child wanted to eat lunch or a snack). Production Phase • We modified Bishop and Hsu's (2015) original task to include an additional production phase. After the children had completed the final block of the word learning task, they were shown a printed picture of each of the eight animals and asked to produce the corresponding phonological form of the animal names. They were encouraged to guess if they were not sure. Their responses were audiorecorded and scored off-line. We used a strict scoring criteria in which children received a point for each animal name they produced correctly (all phonemes had to be correct for credit to be given), giving a maximum possible score of eight. Scores were also calculated based on the total number of phonemes correct across the 8 items of a maximum of 32 (16 vowels and 16 consonants). Repetition Phase • We also included a repetition phase after the production phase to examine whether any differences between the groups on the production phase could be driven by differences in their ability to articulate the words. The children saw and heard the experimenter say the name of each animal and simply had to repeat it back. As with the production task, they received a point for each animal name they produced correctly (all phonemes had to be correct for credit to be given), giving a maximum possible score of 8 and a total phonemes correct score of a maximum of 32. Table 1 shows descriptive statistics for the three groups in terms of their age, vocabulary scores, and nonverbal ability.
RESULTS
Descriptive Analyses for CI, AM, and VM Groups
The matching process resulted in very similar means on the matched variables (age for the CI and AM groups and vocabulary raw score for the CI and VM groups), but the variability for the CI group was higher than that of the VM group for PPVT raw score. Differences between the groups in demographic variables and outcome measures were analyzed using independent sample t tests (with Welch's adjustments for unequal variances, when appropriate). There were no significant differences in chronological age between the CI and AM groups, t(40) = 0.25, p = 0.80. The CI group was significantly older than the VM group, t(26.6) = 4.94, p < 0.001. When comparing raw scores on the PPVT-4, the AM group showed significantly higher scores relative to the CI group, t(40) = −3.16, p = 0.003. There were no significant differences between the CI and VM groups on PPVT-4 raw scores, t(40) = −0.01, p = 0.99.
With respect to PPVT-4 standard scores, the AM and VM groups showed significantly higher scores relative to the CI group [t(40) = −4.24, p < 0.001 and t(40) = −4.84, p < 0.001, respectively]. However, it is also important to note that the average PPVT-4 standard scores are within the average range of the test norms for the CI group albeit below the normative test mean of 100 (M = 92.48). In terms of nonverbal cognitive abilities relative to their age (WASI matrix reasoning t scores), there were no significant differences between the CI and AM groups, t(40) = −1.41, p = 0.17. The VM demonstrated significantly higher scores on the WASI compared with the CI group, t(40) = −2.87, p = 0.007.
Word Learning Task Performance
Comprehension Phase • Total scores on the comprehension phase for the three participant groups are shown in Table 2 . Figure 2 plots the performance of the three participant groups over the four blocks of the comprehension phase. The scores on the word learning task showed significant deviation from the normal distribution in block 4, with ceiling effects introducing a negative skew to the distribution. Therefore, to examine differences between the performance of the CI, AM, and VM groups across the four blocks of the word learning task, we followed Bishop and Hsu (2015) 's approach to address this lack of normality and used a bootstrap t procedure to analyze the data using R (R Core Team 2015) . In this statistical procedure, random samples are repeatedly drawn from the original data set (with replacement), with each sample providing an estimate of the mean and standard deviation. These estimates are then combined into a sampling distribution. In this case, a bootstrap t procedure using the R function "bwtrimbt" (Wilcox 2012 ) was used with block (1 versus2 versus 3 versus 4) as a within-subjects factor and group (CI versus VM versus AM) as a between-subjects factor. The procedure was run with 1000 bootstrap repetitions with the alpha level set at 0.05 and means were trimmed by 5%. Results indicated a significant main effect of block (p < 0.001), with performance improving incrementally from block 1 through block 4 (see Fig. 2 ). The main effect of group was not significant (p = 0.42). The interaction between block and group was also not significant (p = 0.50), suggesting that the groups were showing similar patterns of performance across the four blocks. Scores on the first eight "fast mapping" trials (i.e., the first eight trials of the comprehension phase) which directly assessed the children's ability to recognize new words following only a single exposure are shown in Table 2 . A one-way analysis of variance with fast-mapping score as the dependent variable showed a significant main effect of group [F(2,62) = 4.93, p = 0.01, η 2 = 0.14], and Bonferroni post hoc tests indicated that the VM group showed significantly lower scores than the AM group (p = 0.008, d = 0.89). There were no significant differences between the fast-mapping scores of the CI and AM groups (p = 0.50, d = 0.47) or between the CI and VM groups (p = 0.27, d = 0.54). Production Phase • The mean production scores (of a possible 8) and the equivalent scores in terms of number of phonemes correct are shown in Table 2 . The production words-correct and phonemes-correct scores were highly correlated (r = 0.90, p < 0.001), but more variability was possible within the phonemes-correct score. We, therefore, used the phonemes-correct score as the "production score" for all subsequent analyses.
A one-way analysis of variance indicated a significant difference between the groups in terms of production scores [F(2,60) = 5.73, p = 0.005, η 2 = 0.16], and Bonferroni post hoc tests confirmed that the AM group showed significantly higher scores on the production task than the CI (p = 0.02, d = 0.83) and VM (p = 0.01, d = 0.91) groups. The CI and VM groups did not differ significantly from each other (p = 0.99, d = 0.08). To determine whether this group difference was accounted for by the differences in vocabulary between the groups, the effect of group was tested in an analysis of covariance with PPVT raw score entered as a covariate. When adjusting for vocabulary, there was no longer a significant effect of group on production scores [F(2,59) = 1.22, p = 0.30, η 2 p = 0.04]. Repetition Phase • One child with a CI did not complete the repetition task due to an administrative error; therefore, results on this task are reported for 20 CI participants ( Table 2) . As with the production scores, the item and phoneme repetition scores were highly correlated (r = 0.93, p < 0.001) and the phoneme scores are used to index "repetition score" in all subsequent analyses. Only a very small number of repetition errors were made in each of the three participant groups, and an independent samples Kruskal-Wallis Test showed no significant differences between the groups in terms of their repetition scores [χ 2 (2, N = 62) = 4.21, p = 0.12], thus indicating that differences in the ability of the groups to articulate the target words were not driving the differences in production performance.
Relationships With Age at Implantation
To examine relationships within the CI group between age at implantation, performance on the different elements of the word learning task (fast-mapping, comprehension, production), and performance on the standardized vocabulary measure, we carried out bivariate correlations between these variables, as well as with duration of implant use, preoperative hearing thresholds, age, and nonverbal intelligence. These are reported in Table 3 . Due to deviation of variables from the normal distribution, bias-corrected accelerated bootstrapped 95% confidence intervals (see Carpenter & Bithell 2000 , for more detail) using 1000 bootstrap samples were also calculated. As the fast-mapping phase of the word learning task shares data with the comprehension phase (i.e., the fast-mapping phase is comprised trials 1 to 8 of the comprehension phase), we recalculated the comprehension totals for trials 9 to 96 only to enable us to examine these as independent variables within the same analysis.
Age at implantation did not show significant correlations with any of the word learning measures or with PPVT raw or standard scores. It also showed no significant relationships with age, preoperative unaided hearing thresholds, nonverbal intelligence, or duration of implant use (Tables 3 and 4) . Duration of implant use, age, and nonverbal intelligence raw scores all showed significant positive correlations with PPVT raw scores, and duration and nonverbal intelligence raw scores also correlated significantly with performance on the production phase of the word learning task. Therefore, to examine whether any relationships between age at implantation and word learning were confounded by the effects of duration of implant use, age, or nonverbal intelligence, we re-ran the bivariate correlations as partial correlations (Table 4) , adjusting for each of the three potential confounding variables in turn. In each case, the pattern of results was unchanged and the correlations between age at implantation and the word learning measures remained nonsignificant.
In the bivariate correlations, raw scores on the PPVT showed the most consistent relationships with word learning performance, with significant positive correlations between PPVT scores and all three elements of the word learning task (comprehension, production, and fast-mapping; see Table 3 ). To examine whether these relationships between PPVT and word learning were confounded by the effects of duration of implant (Table 4) . In each case, the correlations between PPVT and the word learning measures remained significant. To set the findings for the CI group in context, relationships between word learning performance, vocabulary, age, and nonverbal intelligence were also examined for the hearing participants, and bivariate correlations are shown in Table 5 . PPVT raw scores were significantly positively correlated with performance on all elements of the word learning task. Age and nonverbal intelligence showed significant positive correlations with word learning performance and also with PPVT raw scores; therefore, the relationships between word learning scores and PPVT raw scores were re-examined in partial correlations adjusting for the potentially confounding variables of age and nonverbal intelligence (Table 6 ). These relationships all remained significant with the exception of the relationship between PPVT raw score and performance on the production element of the word learning task, which was no longer significant (p = 0.09) after adjustment for chronological age.
DISCUSSION
This study examined performance on a word learning task in a group of children with CIs and two groups of hearing children, one matched on chronological age and one matched on vocabulary age. The first prediction that this study tested was that 6-to 10-year-old children with CIs implanted before 3 years of age would show significant word learning deficits relative to their hearing peers. We found that, in contrast to this prediction, their performance was not significantly different from hearing children of the same chronological age in terms of both the fast-mapping score (comprehension after a single exposure) and total score on this comprehension component of the word learning paradigm. The children with CIs did, however, do significantly less well than the AM hearing group on the production component of the task (a more challenging task which required them to view a picture of the target and produce the corresponding phonological label for it). Although the performance of the CI group on the production task was below that of their AM hearing peers, it was in line with that of younger VM children.
The current findings add to the small but growing literature on word learning in children with CIs. Unlike previous studies , our data suggested that comprehension performance in children with CIs did not differ significantly from that of their AM hearing peers in an auditory-only word learning task. These results are consistent with the findings of Walker and McGregor (2013) , in which early school-age children with CIs (3.5 to 6.75 year olds) did not show statistically significant differences in fast-mapping comprehension compared with AM peers. These data paint a positive picture of the resilience of the children with CIs to the effects of missing out on early word learning experiences, as well as receiving impoverished phonological information via their CIs. In keeping with this, their mean PPVT standard score (M = 92) was within 1 SD of the standardization sample for the test, indicating mean performance that, while below the hearing average, was within the normal range. These results are theoretically consistent with studies that have demonstrated that, at a group level, vocabulary development in children with CIs keeps pace with the number of years of CI experience but rarely catches up to age level. Thus, children with CIs may be able to acquire new words at comparable rates to their hearing peers but are not able to compensate for missing out on early word learning opportunities (e.g., Thal et al. 2007; Fagan & Pisoni 2010; Holt et al. 2012) . We observed wide variability in vocabulary standard scores for the CI group, with individual scores ranging from below average to above average, which is also consistent with previous research (Fagan et al. 2007; Geers et al. 2009; Sarant et al. 2015) .
It is important to note that the children completed this experiment in a quiet room without the significant competing background noise which might characterize more typical situations in which they learn new words. Furthermore, the words in the present study were taught in isolation in an explicit learning task, as opposed to an implicit learning paradigm Davidson et al. 2014) . Implicit learning places greater demands on phonological processing and working memory skills but may be more representative of how children learn words in the real world. Such word learning conditions are likely to be much more challenging for children with CIs. One important clinical contribution of the current results is that they highlight the need for explicit vocabulary building interventions, which support the word learning process in more optimal environments.
The high level of performance shown by the CI group in the repetition task, when provided with a live model, suggests that the production deficit relative to their AM peers was unlikely to have been driven by the children with CIs being unable to articulate the phonological forms of the target words. Instead, the observed pattern of results on the comprehension and production tasks suggests that the children with CIs (as well as the younger, VM group) may have had access to enough phonological information about the target words to succeed at the comprehension task, but this information was not sufficiently well specified to support the more challenging task of production of the word form. If the words included in the task had been less phonologically distinct (i.e., had required more distinct phonological representations to support comprehension), as was the case with the stimuli used by Havy et al. (2013) which were pairs of words separated by only a single phoneme, then it is possible that the CI group would have shown deficits relative to the AM group on the comprehension component of the task too. The locus of the poorer specification of the phonological forms of the words for the children with CIs compared with the AM group warrants further investigation to establish whether it takes effect at encoding, storage, or retrieval of the phonological information and whether this locus differs for the CI group compared with their younger VM peers.
The finding that children with CIs performed significantly less well than their AM peers but not their VM peers on the production element of the word learning task contrasts with the results from Walker and McGregor's (2013) study which showed no significant group difference in production scores between the CI, AM, and VM groups at the first test visit. However, the lack of significant differences in that earlier study was likely driven by floor effects on the task. Follow-up testing 1 to 3 days later revealed a similar pattern to the current results, in that the CI group performed similarly the VM group and significantly worse compared to the AM group. These results suggest that having a more diverse lexicon may support lexical acquisition, a possibility we discuss further below in the context of associations between word learning ability and extant vocabulary knowledge within the CI group.
The second prediction that this study tested was that age at implantation would show an association with word learning performance in the group of children with CIs. Our data did not support the prediction that age at implantation relates to word learning ability in children implanted within a relatively restricted early window (<3 years). First, we found no significant relationships between age at implantation and performance on a standardized vocabulary task (the PPVT). This finding is consistent with the longitudinal findings of Dunn et al. (2014) , which indicated that children implanted between 2 and 3.9 years of age showed no significant differences in receptive language performance compared with their earlier implanted peers by the time they were 8 years old. By contrast, we did find strong and significant correlations between both chronological age and duration of implant use and PPVT raw scores, indicating that duration of word learning experience may be important in determining vocabulary size, as would be expected.
In line with the lack of detectable relationship between age at implantation and performance on the standardized vocabulary test, we also found no significant relationships between age at implantation and performance on any elements of the word learning task in this sample. The variables of duration of implant use, age, and nonverbal ability all varied substantially within the group of children with CIs, and the bivariate correlations indicated significant relationships between these variables and some elements of word learning performance. For this reason, partial correlations were conducted to examine the relationships between age at implantation and word learning after adjusting for each of these potentially confounding variables. The age at implantation-word learning relationships remained nonsignificant after adjusting for the age, duration of implant use, and nonverbal ability. It is important to be cautious in interpreting these negative finding in terms of implying an absence of relationship, especially given the relatively small sample size that inevitably leads to wide confidence intervals on the correlations; replication of these results in larger samples will be an important next step. The findings regarding a lack of detectable age at implantation effect on word learning are consistent with those of Walker and McGregor (2013) and Havy et al. (2013) , both of which found no evidence of a relationship between age at implantation and word learning performance in 3-to 6-year-old children. However, our findings are inconsistent with those of word learning studies with similar sample sizes but with younger children and less experienced CI users (Houston et al. 2012; Tomblin et al. 2007 ), which found evidence of a relationship between age at implantation and word learning efficiency. It may be the case that age at implantation effects on word learning are most readily observable in the first 2 or 3 years immediately after implantation, as suggested in the studies by Houston et al. and Tomblin et al. It is important to note that Davidson et al. (2014) included children of a similar age range to the present study, the majority of whom were experienced CI users, and did find a relationship between age at implantation and word learning performance. Differences between the two studies in terms of the range of ages at implantation included may account for these discrepant findings. All the children in this study received their CI < 3.5 years, within the period of maximal plasticity of the central auditory system development identified by Sharma and colleagues (Sharma et al. 2002; Sharma et al. 2005; Sharma & Dorman 2006) . The same was true for all the children in the Walker and McGregor (2013) study and for all but two of the children in the Havy et al. (2013) study, both of which found no evidence of age at implantation effects on novel word learning performance. By contrast, Davidson et al. included a wider range of age at implantation, with the latest implanted children receiving their implants at 5 years old. The same was true in the Quittner et al. (2016) study, with age of implantation ranging from 7 months to 5 years in those children. Thus, it may be the case that age at implantation effects on word learning are more easily detectable when the range of ages spans beyond 3.5 years. It is possible that if there had been children implanted at these later ages included in the present study, we would have seen a detrimental impact of later age at implantation on word learning efficiency at 6 to 10 years and >4 years after implantation.
In the present study, existing vocabulary size, as indicated by PPVT raw scores, showed a significant relation with performance on each of the three elements of the novel word learning task. These relationships remained significant after adjusting for the potential confounding effects of age, duration of implant use, and nonverbal intelligence. This finding is consistent with that of Walker and McGregor (2013) in slightly younger children with CIs, as well as with our group comparisons, which indicated that differences between the CI group and their AM hearing peers were accounted for by vocabulary differences (i.e., when vocabulary score was adjusted for, the group difference was no longer significant). The importance of existing vocabulary and oral language knowledge in predicting word learning performance was also clear from the study of Quittner et al. (2016) who found a strong positive relationship between the two variables. We also saw significant relationships between existing vocabulary size and word learning performance in the group of hearing children who participated in this study, with these relationships surviving adjustment for chronological age for fast-mapping and comprehension performance though not for production performance.
The cross-sectional nature of the present study does not allow us to disentangle the directionality of the relationship between vocabulary size and word learning ability. Better word learning skills and faster information-processing abilities clearly support the development of a larger vocabulary (Fernald et al. 2006; Marchman & Fernald 2008; Fernald & Marchman 2012) . However, it is also possible that a larger extant vocabulary size facilitates the learning of new words and that this relationship is a reciprocal one (see Walker and McGregor [2013] for discussion). It is also likely that the strength of the relationship may be influenced by third factors that act to drive both vocabulary size and word learning performance. One factor is quality and complexity of parental linguistic input and maternal sensitivity (Szagun & Stumper 2012; Quittner et al. 2016; Szagun & Schramm 2016) . Another possible moderating factor for children with CIs is aided hearing before implantation. Preimplant aided hearing can be measured with hearing aids in two ways: the aided Speech Intelligibility Index and aided sound field puretone average. We did not have aided Speech Intelligibility Index data for any of the participants, and we only had aided pure-tone averages for eight participants; therefore, we were unable to examine the potential contributions of early acoustic experience on word learning. Future research examining the role of these variables in predicting word learning would be informative.
The finding that age at implantation was not significantly related to word learning outcomes in this study does not diminish the importance of early implantation. Earlier implantation maximizes the amount of time available to the child to be exposed to and learn language. In combination with highquality language input, earlier implantation is likely to result in the best possible outcomes for children with severe to profound hearing loss.
CONCLUSIONS
The results of this study showed that 6-to 10-year-old children implanted before 3 years of age were able to perform comparably to their AM hearing peers on the comprehension component of a word learning task, suggesting that word learning in the receptive domain is a relative strength for these children, compared with production skills. Children with CIs performed more poorly on the production component of the word learning task compared with the AM group; however, their performance on the production component was in line with that of their younger VM hearing peers, potentially implicating a role for extant lexicon size in the production of newly learned words.
Within the CI group, we found no evidence for a relationship between age at implantation and performance on any of the components of the word learning task, but duration of CI use related to word learning production. Extant vocabulary size showed strong and significant relationships with word learning comprehension and production, including after adjustment for chronological age, duration of CI use, and nonverbal intelligence. The lack of a detectable relationship between age at implantation and the ability to learn new words in the present study compared with previous studies may have been driven by differences between studies in the age range, duration of CI use, or range of age at implantation of the participants or in the type of task used. A combination of early implantation and highquality language input is likely to offer a child with a CI the best chance of optimizing their spoken language development.
SUMMARY
This study examined whether 6-to 10-year-old children who receive cochlear implants (CIs) before the age of 3 years show word learning deficits relative to their hearing peers and whether variation in age at implantation within the first 3 years of life relates to later word learning abilities. We found that this sample of experienced CI users performed similarly to their age-matched hearing peers in terms of their comprehension of newly learned words but showed deficits in their ability to produce accurate phonological forms of those words. Existing vocabulary size, but not age at implantation, related to word learning performance.
